Telomerase activation is crucial in human carcinogenesis. The limiting component of telomerase, the catalytic subunit (hTERT), is undetectable in normal somatic cells but present in most tumor cells, including the earliest stages of colon carcinoma. The mechanisms involved in the dierential expression in normal and tumor cells are not understood. In normal cells hTERT expression is shut down by a repressor, and upregulation could be a consequence of cis-acting changes in the hTERT gene, making it resistant to repression. We have identi®ed a polymorphic and a monomorphic minisatellite in the second intron of the hTERT gene, and polymorphic one in intron 6. The polymorphic minisatellite in intron 2 contains binding sites for c-Myc, which has been shown to upregulate hTERT transcription. Screening colon carcinoma DNAs for rearrangements of hTERT minisatellites we detected no changes in 33 samples from tumors, most of which express hTERT. This indicates that size rearrangements of the hTERT minisatellites are not required for telomerase expression in colon carcinomas. Minor changes and one LOH were seen in ®ve tumors. Oncogene (2001) 20, 2600 ± 2605.
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Keywords: hTERT; minisatellites; rearrangements; colon carcinoma Telomerase expression is an essential step in the immortalization of most tumors. It is undetectable in dierentiated somatic cells but active in about 85% of human cancers and in most immortalized cell lines (Kim et al., 1994; Shay and Bacchetti, 1997) including early stages of colon carcinoma (Yan et al., 1999; Yoshida et al., 1999) . Telomerase is composed of an RNA moiety (hTER; Feng et al., 1995) , a catalytic protein subunit (Telomerase Reverse Transcriptase, or hTERT in man; Harrington et al., 1997; Kilian et al., 1997; Meyerson et al., 1997) , and other associated proteins. Both telomerase negative and positive cells contain hTER, but only telomerase positive cells contain hTERT mRNA (Meyerson et al., 1997) and nuclear hTERT transcripts (A-L Ducrest et al., manuscript submitted). Ectopic hTERT expression is sucient to induce telomerase activity in, and to immortalize some, normal cells (Bodnar et al., 1998; Dickson et al., 2000; Jiang et al., 1999; Migliaccio et al., 2000; Yang et al., 1999) . It is likely that endogenous hTERT expression is regulated at the level of transcription, but regulation of splicing may also contribute to the control of hTERT synthesis (Kilian et al., 1997; Ulaner et al., 2000) . The simplest models for hTERT regulation originate from the observation that transfer of single normal chromosomes into tumor derived cell lines can shut down teleomerase activity or hTERT mRNA expression (Cuthbert et al., 1999; Nakabayashi et al., 1999; Tanaka et al., 1998) . This suggests that repressors inhibit hTERT transcription or prevent correct splicing of hTERT transcripts in normal, telomerase negative cells. Upregulation of hTERT expression could also be due to rearrangements aecting cis-acting target elements of repression, but such mutant hTERT genes should be dominant. So far no case of dominant hTERT expression has been reported, but the number of cell lines that have been analysed is still small, and changes in the hTERT gene may be required but not sucient to permit hTERT expression.
The hTERT promoter (Cong et al., 1999; Horikawa et al., 1999; Takakura et al., 1999) contains several potential regulatory elements. c-Myc overexpression directly upregulates hTERT expression in normal human epithelial cells, ®broblasts, and B-cells (Greenberg et al., 1999; Wang et al., 1998; Wu et al., 1999) . Another E-box binding transcription factor, Mad, and the Wilms' tumor 1 supressor gene (WT1) product can repress hTERT promoter activity (Oh et al., 1999 (Oh et al., , 2000 . Estrogen receptors (Kyo et al., 1999) and Sp1 (Kyo et al., 2000) have also been implicated in the regulation of the hTERT gene. However, none of these factors have been shown to play a crucial role in tumor-speci®c hTERT gene expression.
The hTERT gene is close to the telomere of the short arm of chromosome 5 (5p15.33) (Bryce et al., 2000; Meyerson et al., 1997) . It contains 16 exons (Wick et al., 1999) . Screening the segment between 710 and +25 kb (in intron 8) for heterogeneity by Southern blot analysis we found two polymorphic restriction sites in the 5'¯anking region, at 710 kb (EcoRI) and 73.5 kb (SphI) (Figure 1a ). We also observed length variability of two restriction fragments, containing parts of the second and of the sixth intron. Scanning the published genomic sequences (GenBank accession numbers AF128893 and AF128894), we identi®ed three unique minisatellites (MSiv2A and MSiv2B in intron 2, and MSiv6 in intron 6), and we veri®ed that the length variability is due to MSiv2A and MSiv6 (Figures 1 and   2 ). All three hTERT minisatellites are typical minisatellites, but they do not contain the common core motif (Jereys et al., 1985) . Each of the hTERT minisatellites repeats is unique (Figure 1b ). MSiv2A and MSiv6 are very polymorphic and their repeats are 41 ± 43 nt and 32 ± 42 nt long, similar to that of other highly unstable minisatellites ®rst described by Jereys et al. (1994) . MSiv2B was monomorphic in 14 unrelated individuals (not shown). Its repeats contain 56 ± 70 nt and show greater sequence variation than MSiv2A and MSiv6 (Figure 1b) . Clustering of stable and unstable minisatellites has been observed at other loci (Figure 1a ; for review see Murray et al., 1999) . The segment from 710.05 to +25.2 has been mapped using various restriction enzymes and probes (indicated). The polymorphic EcoRI and SphI sites are in parentheses. That the polymorphism of the restriction fragments containing MSiv2A and MSiv6 is due to length variation of these minisatellites was con®rmed by hybridizing blots of DNA digested with the restriction enzymes shown in bold (SphI, BclI and PstI for MSiv2A; SphI for MSiv2B; EcoRI and PstI for MSiv6) with the corresponding minisatellite repeat units as well as probes speci®c for¯anking sequences. E -EcoRI; S -SphI; P -PstI; B -Bc1I. Analysis of the genomic DNA from which sequence AF114847 was obtained indicates that MSiv2A sequences have been lost during the cloning of the gene. An appropriate comment has been added to the databank entry. The length of the monomorphic minisatellite, MSiv2B, in sequence AF128894 corresponds to that predicted from genomic restriction fragments. (b) Sequence of minisatellite repeat units. Invariant bases are indicated in bold and variable ones in plain letters. Many of the MSiv2A repeats contain canonical E-boxes (underlined) To assess the degree of polymorphism of hTERT minisatellites in the normal population, we examined their length in genomic DNA from normal tissue of 53 unrelated individuals. These included eight healthy individuals and 45 patients suering from cancer (42 cases of colon carcinoma and three other tumors). We identi®ed eight MSiv2A alleles resulting in 53% heterozygosity (Table 1) . Three common alleles (frequencies 410%) accounted for 86% of the genes in the population, while the estimated frequency of the other ®ve alleles was 54% (Figure 2b) . In contrast to the HRSA1 (Weitzel et al., 2000) and the serotonin transporter gene minisatellites (Gutierrez et al., 1998) there is no correlation between length and frequency among MSiv2A alleles (Figure 2b) .
The ovarian cancer risk of BRCA1 mutation carriers with a rare HRAS1-VNTR allele is more than twice as high as that of carriers with common alleles only (Phelan et al., 1996; Weitzel et al., 2000) . None of eight unrelated cancer-free individuals carried a rare MSiv2A allele, while 18% of cancer patients carried at least one. This dierence is not statistically signi®cant, but it raises the possibility that some MSiv2A alleles may be associated with an increased risk of cancer.
MSiv6 is highly polymorphic (420 alleles in 53 individuals), resulting in an estimated heterozygosity of 94% (Table 1) . Analysis of four families con®rmed Mendelian inheritance of MSiv2A and MSiv6 alleles (Figure 2a) , consistent with the low degree of somatic instability observed in other minisatellites (Armour et al., 1989; Jereys and Neumann, 1997) .
Certain minisatellite alleles are associated with human disorders and with dierences in the level of expression of nearby genes (Alakurtti et al., 2000; Bennett et al., 1995; Fiskerstrand et al., 1999; Paquette et al., 1998; Pugliese et al., 1997; Va®adis et al., 1997) , and minisatellite sequences may be involved in gene regulation (Kennedy et al., 1995; Kominato et al., 1997; Larson et al., 1999; Prokhortchouk et al., 1998; Krontiris, 1992, 1993; Weitzel et al., 2000) . Overexpression of cMyc can directly upregulate hTERT (Greenberg et al., 1999; Wang et al., 1998; Wu et al., 1999) , but the critical target elements of c-Myc in the hTERT gene have not been identi®ed. Many repeats of MSiv2A contain E-boxes (Figure 1b) , potential binding sites for c-Myc and related transcription factors, suggesting that this minisatellite might play a role in the abnormal hTERT expression in tumors, and that rearrangements in MSiv2A might lead to hTERT activation. To explore this possibility we compared the gene structure in DNA from normal and colon carcinoma tissue from 38 patients (Figure 3 and Table 1 ). We observed small insertions or deletions in MSiv2A alleles in four tumors (Figure 3) , and loss of an MSiv6 allele in one (not shown). These tumors did not obviously dier from the remainder in their clinico-pathological characteristics. The monomorphic minisatellite MSiv2B remained in the same con®gura-tion as in normal DNA in 10 samples analysed (not shown). We also screened 14 of the tumors for rearrangements in the D17S30 minisatellite on chromosome 17 and the apoB minisatellite on chromosome 2 (not shown) and found no changes.
We also compared hTERT minisatellites in SV40 T antigen-transformed ®broblasts prior to and after crisis. Upon escape from crisis SV40-immortalized cells , 1997) or activate an alternative, telomerase-independent telomere maintenance mechanism (Bryan et al., 1995) . We examined 14 independent SV40-transformants from three individuals. Five of these lines were telomerase positive. The only change observed was a MSiv6 LOH in a telomerase negative clone (data not shown).
Telomerase expression can be detected in early stages of colon carcinogenesis (Yan et al., 1999; Yoshida et al., 1999) , and most of the tumors screened here contained telomerase activity. Thus, it is unlikely that size changes in hTERT minisatellites are essential for hTERT upregulation during early stages of tumorigenesis. This is consistent with the absence of rearrangements in post-crisis, telomerase positive SV40 Ttransformed ®broblasts, although the mechanisms leading to telomerase activation in these cells could be dierent. Nevertheless, our data do not rule out that hTERT minisatellites function as cis-acting elements. Changes not detectable by Southern blotting may aect their function, and it cannot be excluded that MSiv2A rearrangements play a role in the maintenance of hTERT expression in advanced tumor stages.
Instability of minisatellites in tumors has not been extensively studied (Armour et al., 1989; Nagel et al., 1995; Nikiforov et al., 1998) . In the most frequently aected locus described (D17S30) most of the observed changes are due to LOH (Phillips et al., 1993 (Phillips et al., , 1996 Shipman et al., 1996) . Relatively high rearrangement frequencies in dierent types of cancers have been reported for two atypical minisatellites, the AT-rich ApoB locus (Ho-Olsen et al., 1995; Kaplanski et al., 1997; Nikiforov et al., 1998) and MS1 (D1S7), which has an atypically short repeat unit and may be Figure 3 Minisatellite length changes in colon carcinomas. Representative blots from an analysis of colon carcinoma samples collected between 1987 and 1994 from 38 caucasian patients undergoing primary cancer surgery at the University Hospital of UmeaÊ are shown. DNA from normal (N) and primary tumor (T) tissues was digested with PstI and analysed with probes speci®c for MSiv2A and MSiv6. Rearrangements are indicated by an asterisk. Minisatellite length changes were frequently at the limit of detection (see samples 8 and 9). The median age of patients was 69 years (range 37 ± 88). Seventeen were women and 21 were men. Twenty-®ve tumors were from the colon, 13 from the rectum. Five were Dukes' stage A, 23 Dukes' stage B and 10 Dukes' stage C. Four tumors were classi®ed as poorly dierentiated, 34 as moderately dierentiated, while no tumor was classi®ed as well dierentiated (according to the WHO classi®cation). Eleven tumors were mucinous while 27 were non-mucinous. Twenty-®ve tumors were aneuploid and 11 diploid. No ploidy data were available for two tumors (Palmqvist et al., 1998) . Thirty-two tumors were positive for telomerase activity (in one case TRAP was not performed) susceptible to polymerase slippage. Somatic mutations in MS1 (D1S7) in human colorectal carcinomas are associated with microsatellite instability (Ho-Olsen et al., 1995) . None of the ®ve colorectal carcinomas that have undergone changes in hTERT minisatellites (Figure 3) showed microsatellite instability, which was observed in six other samples (data not shown). This con®rms previous reports that microsatellite instability is not associated with destabilisation of typical minisatellites (Fennelly et al., 1997; Nikiforov et al., 1998) .
The ®nding that the polymorphic minisatellites MSiv2A and MSiv6, but not the monomorphic MSiv2B undergo rearrangements in tumors suggests a link between germline variability and rearrangements in tumor cells, although analysis of meiotic and mitotic variants in a human minisatellite (Jereys and Neumann, 1997) indicated that dierent mechanisms generate germline variants and variants in normal somatic tissue.
